Mutants resistant to the herbicide N-(3-[1-ethyl-1-methylpropyl]-5-isoxazolyl)-2,6,dimethoxybenzamide (isoxaben) were recovered from an M2 population of Arabidopsis thaliana. Two of these mutants, DH47 and DH48, had a high level of resistance in the homozygous state. Crosses of these mutants to marker strains, and to each other, showed that each contained a mutation at a single locus tightly linked to lutescens, a marker on the fifth chromosome of A. thaliana. Growth curves of these mutants and of the Fl progeny of a cross with the wild type parent strain, in the presence of different concentrations of the herbicide, showed that both mutants display a semidominant phenotype. The two mutations differed in their degree of resistance, both as homozygotes and heterozygotes. This suggests that they are two different alleles. Callus cultures were established from plants homozygous, as well as heterozygous, for each of these mutations. Growth curves of these cultures in the presence of the herbicide mimicked the data obtained in vivo indicating that sensitivity to isoxaben is not dependent on a differentiated function.
N-(3[1 -ethyl -1 -methylpropyl] -5 -isoxazolyl)-2,6,dimethoxybenzamide ( Fig. 1) (Isoxaben, EL-107, Flexidor, Gallery) (6, 14) is a novel preemergence, broad leaf herbicide used primarily on small grains, turf, and ornamentals. The mode of action of this compound remains unknown (8) . This compound is extremely active, with an I50 for Brassica napa of approximately 20 nm (8) . Arabidopsis thaliana seeds sown in the presence of a lethal concentration of this compound germinate, but the root system fails to develop and the plant readily succumbs to desiccation, without advancing to the true leaf stage.
The isolation and characterization of mutations which confer resistance to an herbicide have been of considerable help in the elucidation of the mode of action of many herbicides.
Mutants of Amaranthus hybridus resistant to atrazine (5), of A. thaliana resistant to the sulfonylureas (4), of Chlamydomonas reinhardtii resistant to diuron (3) , and of Salmonella typhimurium resistant to glyphosate (2) have all contributed to the understanding of the mode and site of action of these herbicides.
We have isolated mutants of A. thaliana resistant to isoxaben. In this communication we show that high level resistance to this herbicide is due to a mutation at a single locus which is tightly linked to the genetic marker lutescens. This mutation confers a semidominant phenotype. Sensitivity to the herbicide in the world-type strain is maintained in undifferentiated tissue cultures, indicating that the activity of this compound is not dependent on a differentiated function. Callus cultures derived from mutant plants also maintain their resistant phenotype, indicating that the relevant gene product is present and functional in the undifferentiated state.
MATERIALS AND METHODS

Plant Materials
The list ofArabidopsis thaliana strains used in this study is shown in Table I . Plants were grown at 150 ,E m-2 s-' at 23°C under continuous fluorescent lighting. Methods and materials for the growth ofA. thaliana in pots, the harvesting of seed and cross-pollination, including the composition of the nutrient medium, were as described in Somerville and Ogren (12) . Mutagenesis was as in Haughn and Somerville (4) . The success of the mutagenic treatment was monitored by quantifying the number of diaminopurine resistant mutants (9 Surface-sterilized seeds of the various strains (wild type, DH47, DH47 x WT, DH48, DH48 x WT) were planted on the surface of 0.5 x Murashige-Skoog medium (10) solidified with agar, and grown in an incubator at 2 1°C with a 16 h photoperiod. Leaf explants were placed on medium AR, containing 1 mg/L 2,4-D and solidified with agar (1). Callus developing from the leaf veins on this medium was undifferentiated and unpigmented. Callus cultures grown from several plants of each genotype were used to conduct tissue culture growth tests. Callus pieces (90-120 mg) were weighed and placed on medium AR containing 1 mg/L 2,4-D and different concentrations of the herbicide. Five replicates in individual 5 cm Petri dishes were run for each test point. These dishes were incubated in the light at 26°C for 21 d; the callus was then removed and again weighed. The increase in weight divided by the initial weight was calculated, averaged over the five replicates, and normalized to the value obtained for the same genotype without herbicide.
RESULTS
Mutant Isolation
One million M2 seed derived from an EMS mutagenesis were screened for resistance to the novel herbicide isoxaben. Approximately 50 putative mutants were transplanted to pots containing a standard potting mix and allowed to self-fertilize in the absence of the selection agent. Progeny from each putative mutant were tested for resistance to isoxaben. All of the isolates tested were resistant at some level ofthe herbicide.
Genetic Mapping
Two mutants resistant to high levels of the herbicide and designated DH47 and DH48 were chosen for further study. These mutants were crossed in both directions with the wildtype Columbia strain and the Fl progeny tested for herbicide resistance. These results are consistent with the mutation being a single, semidominant, Mendelian trait (Table II) . In order to see if the above two mutations were allelic, they were crossed to each other and both the Fl and F2 generations tested for their level of resistance to the herbicide. The F2 progeny contained 2 possibly sensitive plants out of over 400 progeny tested (Table II) . This indicates a high degree of linkage. These loci map within half a centimorgan of each other and are presumed to be allelic. This locus has been designated ixr for isoxaben resistance.
Each of the above mutants was then crossed to the multiply marked strain MSU 8 which is homozygous for a recessive marker in each chromosome (4) . To prevent confusion between heterozygous plants and the wild-type homozygotes segregating in the F2, we chose to germinate the F2 at concentrations of the herbicide that would allow only the mutant ixr homozygote to survive. Each of the five markers of MSU 8 was scored and, as can be seen in Table III , there was a degree of linkage by both mutants to the ms-1 marker found on the fifth chromosome. This is a male sterility marker.
Each mutant was then crossed to the multiply marked strain 2027 which contains two markers in chromosome 5 (7), lutescens, whose phenotype is a yellow green rosette and tt-3 (transparent testa) whose phenotype is yellow seed. The genetic test was conducted as above. The marker tt-3 was not consistently expressed in the F2 progeny for an unknown reason. However, as can be seen in Table III , the locus for herbicide resistance in both mutants is tightly linked to lutescens. To better estimate the genetic distance between the two markers, the F2 progeny of the cross with DH48 was examined under conditions in which the plants heterozygous for the resistance gene also survive. This confirmed that the locus for isoxaben resistance maps to within 3 centimorgans of lutescens.
Herbicide Resistance In Planta
The level of resistance conferred by each mutation in both the homozygous and the heterozygous state was compared to the wild type. Growth inhibition curves in the presence of the herbicide showed that wild type Arabidopsis plants had an I50 of 4.5 x I0-9 molar in this test (Fig. 2) . DH48 and its heterozygote had an Iso of4.0 x I0-' molar in the homozygous state and 2.7 x 10-8 molar in the heterozygous state (Fig. 2) . This is a level of resistance of approximately 90 and 6 times that ofthe wild type for the homozygote and the heterozygote, respectively. DH47 and its heterozygote had an Iso of 1.5 X 10-6 molar in the homozygous state and 1.6 X 10-8 molar in the heterozygous state (Fig. 2) . This is a level of resistance of 300 and 3 times that of the wild type for the homozygote and the heterozygote, respectively. Because of the differences in resistance between the two strains and between their heterozygotes derived from crosses with the wild type, DH48 and DH47 are presumed to be different mutations of the same locus and have been tentatively designated ixr Al and ixr A2, respectively.
Herbicide Resistance In Vitro
The results of tissue culture growth tests are presented in Figure 3 . Wild type Arabidopsis tissue cultures are sensitive to isoxaben, although this sensitivity is only demonstrated at a concentration approximately 50-fold greater than that observed in the whole plant tests. Tissue cultures derived from homozygous mutant plants show high level resistance to the herbicide; no concentration within its solubility limit (l0-I M), will inhibit their growth. Tissue cultures derived from heterozygotes (DH47 x WT, DH48 x WT) show a pattern of resistance to the herbicide which parallels that found in whole plant studies: the heterozygotes are partially resistant, and DH48 x WT is more resistant than is DH47 x WT. The I5o values for growth in tissue culture calculated from these in vitro tests are 1.7 x 10' molar for wild-type Arabidopsis, 9 X 10' molar for DH47 x WT, and 4.9 x 106 molar for 
